Streptococcus pneumoniae (the pneumococcus) is a grampositive human pathogen that is the leading cause of pneumonia, meningitis, and bloodstream infections in the elderly and that is one of the main pathogens responsible of middle ear infections in children (23). A better knowledge of the molecular biology of the pneumococcus has been achieved through the study of pneumococcal phages (11). The abundance of temperate phages in clinical isolates of the pneumococcus was suggested some years ago (3), and it was recently proposed that up to 75% of the samples analyzed contained phages (26). Pneumococcal phages have been a subject of continuous interest in our laboratory since the isolation of these phages was reported (22, 36). We have recently isolated and partly characterized a temperate phage (MM1) belonging to the Siphoviridae family from a clinical isolate of the multiply antibioticresistant Spain 23F -1 strain (12). This strain best illustrates the rapid spread of drug resistance, because it was originally detected in Spain and then was rapidly disseminated to other parts of the world (24). A study conducted in 38 states of the United States revealed that, of 328 isolates highly resistant to penicillin (MIC Ն 2.0 g/ml), about 40% belonged to the Spanish/American S. pneumoniae 23F clone Spain 23F -1 (23). Despite the observation that most recent clinical isolates of S. pneumoniae carry prophages, information on temperate pneumococcal phages is insufficient, and only a limited amount of data about gene expression and the function of the gene products is currently available. This, together with the documented interchanges between phage and host lytic genes that seem to play a role in pneumococcal virulence (19), prompted our interest in studying the genomics of these temperate phages. This approach appears to be a fundamental step in determining the contribution of phage genes to the virulence of this clinically important microorganism. Since DNAs highly similar to that of MM1 have been detected by Southern hybridization in several clinical isolates of pneumococci of different capsular types, a finding which indicates the widespread presence of closely related pneumococcal phages in pathogenic strains (12), this approach will also facilitate a comparative analysis of the genomes of these temperate phages.
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Methods. S. pneumoniae 949 (24) was grown in C medium (17) supplemented with yeast extract (0.8 mg/ml; Difco laboratories; CϩY medium) at 37°C without shaking, and growth was monitored with a Hach 2100N nephelometer. Phage MM1 was induced from the lysogenic strain 949 (12) . At a concentration of 1.2 ϫ 10 8 CFU/ml, mitomycin C was added to a final concentration of 75 ng/ml, and the culture was incubated in the dark at 37°C until lysis occurred. MM1 purification (9) and preparation of proteinase K-treated MM1 DNA (28) and DNA-protein complexes (9) were carried out as previously described. Amplified or restricted DNA fragments for cloning or sequencing were isolated from 0.7% (wt/vol) agarose gels with the Geneclean II kit (Bio 101). Restriction endonucleases (New England Biolabs, Beverly, Mass.) and T4 DNA ligase (Amersham-Pharmacia Biotech.) were used as recommended by the suppliers. DNA sequencing was carried out by using an ABI Prism 3700 DNA sequencer (Applied Biosystems, Inc.). DNA and protein sequences were analyzed with the Genetics Computer Group software package (version 10.0) (7) or with the programs at the Deambulum (http://www.infobiogen.fr), the National Center for Biotechnology Information (http: //www.ncbi.nlm.nih.gov), or the European Bioinformatics Institute (http://www.ebi.ac.uk) site. Sequence similarity searches were performed by using the EMBL/GenBank and SWISS-PROT databases. To localize putative functional motifs the PROSITE and Pfam databases were also employed (http:// hits.isb-sib.ch/cgi-bin/PFSCAN). N-terminal sequence analyses were carried out according to a published procedure (31) .
Determination of the complete nucleotide sequence of the MM1 genome. The DNA from mature phage particles appears to contain a covalently bound protein, as reported for other pneumococcal phages (9, 10, 28) . Moreover, preliminary assays (restriction analyses, denaturation-renaturation analyses combined with electron microscopy, etc.) suggested that MM1 DNA is circularly permuted, terminally redundant, and packaged via a headful mechanism (data not shown). Initially, we decided to determine the nucleotide sequence of the entire genome of MM1 by using a shotgun sequencing approach, and the overlapping sequences were assembled into several contiguous stretches. The remaining gaps were closed by PCR am-plification, with the entire phage genome as the template, and sequencing with specific primers. Our analyses revealed the presence of 53 open reading frames (ORFs) in a unit genome size of 40,248 bp in the prophage state (Fig. 1) . The correctness of the sequence assembly was confirmed by comparing the predicted map from this sequence with that experimentally obtained by using restriction enzymes. The average GϩC content of MM1 DNA was calculated as 38.4%, which is only slightly lower than the 39.7% reported for the host genome (14, 35) .
Analysis and organization of the MM1 genome. The 53 ORFs analyzed potentially code for polypeptides with more than 50 amino acid (aa) residues. Every ORF is preceded by a putative ribosome binding site and begins with either an ATG, GTG, or TTG initiation codon. The most common stop codon used was TAA (33 ORFs). The MM1 genome is apparently organized into five major clusters (schematically represented in Fig. 1 ) in the prophage state and starts with the int gene ( Table 1) . The five leftmost genes (from int to orf4) comprise the lysogeny cluster and are organized in a way characteristic of temperate bacteriophages of the Siphoviridae family from low-GϩC-content gram-positive bacteria (20) . orf2 codes for a protein that is 54% identical to a protein of Streptococcus agalactiae phage Sa2. These proteins share the Zn recognition motif (V-X-X-H-E[I]-G-H) characteristic of metalloproteinases (16) . This sequence is named the HD domain and defines a new superfamily of metal-dependent phosphohydrolases (Pfam database accession no. PF01966). The cI gene codes for a 120-aa protein that exhibits high similarity to several phagerelated transcriptional repressors and that represents a CI analogue. Most probably, Orf4 represents the Cro-like repressor of MM1.
As in other pac site phages, the replication cluster of MM1 follows the lysogeny cluster. In MM1 DNA, there is a very AϩT-rich sequence (76% AϩT within 231 bp) located between orf5 and orf6 that contains many direct and reverse repeats (not shown) and that may correspond to the origin of replication (ori) of the phage genome. The ori region includes, among others, three copies of a tandem, 15-bp direct repeat (TTTT ACAAATCTGTA) as well as two copies of a 25-bp direct repeat (AATAAATACTAACTAACAACAAGTA). Moreover, this area contains three palindromes capable of forming weak stem-loop structures with free energies ranging between Ϫ8.5 and Ϫ9.2 kcal/mol. These structures may be involved in the melting of the DNA strands and most likely represent the starting points of DNA replication. The orf9 and orf10 gene products are similar to two proteins that are also encoded by adjacent genes in the genome of the Streptococcus thermophilus phage 7201 (32) . The protein similar to Orf9 is assumed to be a recombinase, whereas Orf10 appears to be a histone-like protein since it contains a Pfam PF00216-like motif that binds DNA. orf13 and orf14 correspond to two overlapped genes since they are transcribed from two different frames and encode proteins that are very similar to two proteins encoded by the S. pneumoniae transposon Tn5252, identified as components of a 5-cytosine-specific DNA methyltransferase (C5-MTase) (PF00145) (29) . The presence and significance of genes coding for C5-MTases in MM1 and related phages have been recently discussed (25) . These genes as well as that coding for the lytic amidase (mml) are examples of high sequence similarities between genes of the host bacterium and those of a pneumococcal temperate phage. Note especially that the GϩC contents of orf13 (41.4%) and orf14 (44.1%) are clearly different from the average for the MM1 genome, 38.4% (see above). Most of the proteins encoded by the ORFs identified in this cluster strongly resemble proteins of unknown function encoded by phage genomes of the Siphoviridae family from low-GϩC-content gram-positive bacteria although a ParB-like nuclease domain (PF02195) has been found in Orf28. ParB preferentially cleaves single-stranded DNA. Interestingly, orf27 is FIG. 1. Schematic representation of the proposed functional organization of MM1 DNA. Genes likely to belong to the same cluster were marked with the same colors. Genes from S. pyogenes or S. agalactiae phages similar to MM1 ORFs are also shown. In all cases the corresponding gene products showed amino acid identities ranging from 24 to 73% (see Table 1 ).
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NOTES 2363 (35) . SP1142 is part of a 10.5-kb cluster of 19 contiguous ORFs (from SP1129 to SP1147) that is absent in the pneumococcal R6 genome and that likely corresponds to a phage remnant. As examples, SP1129 potentially codes for a protein 42% identical to the integrase of the phage 370.4 from Streptococcus pyogenes, whereas the products of genes SP1130, SP1131, and SP1134 were 27, 52, and 42% identical, respectively, to the products of ORFs from the Lactococcus lactis prophage ps3 (data not shown). orf31 encodes a 436-aa protein exhibiting 53% identity with the large subunit of the terminase identified in Listeria monocytogenes phage A118 (18) . The product of orf30 is a 151-aa protein that is 38% identical to the protein encoded by an ORF from the S. pyogenes phage 370.1 and that may represent the small subunit of the terminase ( Table 1) . Comparison of the gene organization of the MM1 genome ( Fig. 1) with those of several Siphoviridae phage DNAs (6) suggested that the structural cluster includes 17 genes (from orf32 to orf48) that should participate in the formation of the head and tail of the MM1 phage ( Table 1 ). The orf35 gene product is a protein of 187 aa that has significant similarity (37% identity) to the putative scaffold protein of L. monocytogenes phage A118; orf35 is located immediately upstream of the major capsid protein gene (orf33), which is characteristic of genes encoding scaffolding proteins (13) . Sequencing the N-terminal amino acids of the major structural MM1 protein yielded M-P-S-N-Q-N, and sequencing the second-largest protein band produced M-T-R-Q-K-N, corresponding to Orf36 and Orf42, respectively. The large Orf47 (1,989 aa) may be the protein recognizing the phage receptor at the pneumococcal surface. Antireceptor proteins from Siphoviridae phages infecting low-GϩC-content gram-positive bacteria usually contain repeated G-X-Y motifs at their C moieties (21) . This motif appears to be characteristic of tropocollagen molecules, and its biological function is to provide elasticity and resistance.
orf50 codes for a protein of 138 aa, and preliminary cloning experiments with Escherichia coli suggest that this protein corresponds to the holin of phage MM1 (M. Gindreau, R. López, and P. García, unpublished observations). Orf51 is 75% identical to the predicted holin from the Streptococcus mitis temperate phage SM1 recently isolated (1) . Finally, the mml gene codes for a protein of 318 aa highly similar (97% identity) to the lytic amidase characterized in phage HB-3 of S. pneumoniae (27) . It has been proposed that holin is the protein that provokes unspecific lesions into the cytoplasmic membrane that allow the murein hydrolase to escape and hydrolyze the cell wall (37) . Interestingly, the GϩC content of the mml gene (47.2%) is noticeably higher than the average content of MM1 genome (38.4%), suggesting a possible acquisition of this gene by horizontal transfer since the GϩC content of a whole genome is characteristic for a given species or group (33) . Differences between the codon usage of a gene and the codon bias of the host organism are additional criteria for identifying horizontal transfers. Table 2 shows the codon usage of mml compared to those of the MM1 and S. pneumoniae genomes. The codon usages of MM1 and S. pneumoniae were similar, whereas that of mml was noticeably different. Thus, in mml the codons CGC, AAC, GAC, AUC, and AAG are the most frequently used for Arg, Asn, Asp, Ile, and Lys, respectively, whereas in phage MM1 the codons primary utilized for the same amino acids are AGA, AAU, GAU, AUU, and AAA, respectively. The most frequent codon used for Arg in S. pneumoniae is CGU. Table 2 also shows that the codon usage for orf14 differs from the average usage for MM1 genes although this was not evident for orf13.
MM1 is the first temperate phage infecting S. pneumoniae for which the complete nucleotide sequence has been determined and whose genome has been analyzed in detail. These data are a starting point to carry out further studies on clinical isolates of the pneumococcus, where as many as 75% of the isolates have been reported to be lysogenic (26) , since phage conversion might play an important role in the evolution of many pathogenic bacteria (5) . The modular organization of the MM1 genome is similar to those of other temperate streptococcal phages, where genes belonging to the lysogeny cluster were the only genes carried in the opposite DNA strand of the phage genome (4). Twenty-six out of the 53 proteins deduced from the MM1 DNA sequence have significant similarities to products of ORFs reported in the databases (Table 1) , and this enabled ascription of putative functions to some of them on the grounds of homologies to defined proteins. Most of these proteins belong to temperate phages of the Siphoviridae family infecting gram-positive bacteria and, particularly, to S. pyogenes phages, namely, 370.1, SDA, NIH1.1, 315.1, 315.4, and 315.5 (Fig. 1) . DNAs from nearly all of these phages were found when the genomes of three virulent S. pyogenes strains were sequenced (2, 8, 15, 30) . The noticeable similarity between genes of phages infecting S. pyogenes and S. pneumoniae suggests a frequent genetic interchange between both species or a recent divergence from a common ancestor phage. From the evolutionary viewpoint the MM1 genome appears to be organized in at least two different regions (Fig. 1) . The first one (from int to orf45) has many similarities in sequence and organization with the S. pyogenes phages except phage 315.5, whereas the right part of the MM1 prophage (with the noticeable exception of mml), that is, from orf46 to orf51, is closely related to phages 315.5 and Sa1 from S. pyogenes and S. agalactiae (34), respectively. As shown above, the mml gene encoding the lytic enzyme of the phage might have been introduced into the MM1 genome by horizontal transfer.
Still-unresolved issues are the impact of phages on the evolution of host genomes and the links between phages of pathogenic and nonpathogenic strains in gram-positive bacteria exhibiting similar organizations; these issues raise questions as to the contribution of the phages to survival in different environments (4, 6, 23) . Since there is a large incidence of lysogeny among clinical strains of S. pneumoniae (26) , the report of the first complete genome of a temperate pneumococcal phage of this bacterium provides an important tool to facilitate the study of potential virulence genes carried by pneumococcal viruses that might infect different species colonizing the same habitat. Studies in progress in our laboratory will expand our observations on the importance of prophages for shaping the natural population of S. pneumoniae as well as on the evolutionary diversification of the bacterial host.
Nucleotide sequence accession number. The MM1 genome sequence has been deposited in the EMBL, GenBank, and DDBJ databases and appears under accession no. AJ302074.
